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Abstract Terrestrial lignocellulosic biomass has the potential
to be a carbon neutral and domestic source of fuels and
chemicals. However, the innate variability of biomass re-
sources, such as herbaceous and woody materials, and the
inconsistency within a single resource due to disparate growth
and harvesting conditions, presents challenges for down-
stream processes which often require materials that are phys-
ically and chemically consistent. Intrinsic biomass character-
istics, including moisture content, carbohydrate and ash com-
positions, bulk density, and particle size/shape distributions
are highly variable and can impact the economics of
transforming biomass into value-added products. For in-
stance, ash content increases by an order of magnitude be-
tween woody and herbaceous feedstocks (from ∼0.5 to 5 %,
respectively) while lignin content drops by a factor of two
(from ∼30 to 15 %, respectively). This increase in ash and
reduction in lignin leads to biofuel conversion consequences,
such as reduced pyrolysis oil yields for herbaceous products as
compared to woody material. In this review, the sources of
variability for key biomass characteristics are presented for
multiple types of biomass. Additionally, this review investi-
gates the major impacts of the variability in biomass compo-
sition on four conversion processes: fermentation, hydrother-
mal liquefaction, pyrolysis, and direct combustion. Finally,
future research processes aimed at reducing the detrimental
impacts of biomass variability on conversion to fuels and
chemicals are proposed.
© 2015 Battelle Energy Alliance, LLC, contract manager
for Idaho National Laboratory.
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Introduction
Biomass is poised to make significant contributions to the
domestic and carbon neutral production of fuels and
chemicals. According to the BBillion-Ton^ study [1] and its
update [2] by the United States Department of Energy
(USDOE) and United States Department of Agriculture
(USDA), biomass has the potential to sustainably supply one
third of the nation’s petroleum consumption. In fact, enzymat-
ic conversion of lignocellulosic material to fermentable sugars
for fuel ethanol is becoming more economically viable [3]
with companies such as POET [4], Abengoa [5], and DuPont
[6] playing leading roles in the developing ethanol fuel mar-
ket. However, meeting the US congressional mandate to pro-
duce 36 billion gallons of biofuels per year by 2022 will re-
quire use of additional biomass resources, including energy
crops, forest residues, and other wastes. Figure 1 shows
projected terrestrial biomass resource supply curves in the
USA in 2022 as farmgate prices increase from $20 to $200
per dry ton. The average supply for all feedstocks as a function
of price is also included and is less than the nominal price for
any single feedstock. It is important to note that woody resi-
dues dominate the feedstock supply while the price is less than
approximately $50/dry ton. However, as the price rises above
$50/dry ton, the projected quantities of available corn stover,
switchgrass, and conventional wood (wood products in
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harvest today) increase dramatically and quickly dominate the
supply. These projections demonstrate that there will likely be
strong cost incentives for biorefineries to combine multiple
disparate feedstocks in order to minimize resource cost while
increasing feedstock volume to take advantage of economies
of scale. Besides feedstock farmgate costs, biorefineries will
likely have other important financial reasons to accept multi-
ple feedstocks, including risk reduction through feedstock di-
versification, reduced storage costs through sourcingmaterials
that can be harvested at different times throughout the year,
and reduced transportation costs through taking full advantage
of all available local resources.
Once the biomass has been collected, the most economical
process for conversion to fuels, chemicals, or energy needs to
be selected. Figure 2 depicts a generalized scheme of the pri-
mary processing steps for four key conversion pathways: fer-
mentation, hydrothermal liquefaction (HTL), pyrolysis, and
combustion/co-firing. The chemical and physical properties
of the biomass feedstock have a significant impact on each
of the processing steps during these conversion processes.
This review briefly summarizes the primary impacts that feed-
stock properties have on major conversion options. The dif-
ferences among the available feedstocks and the conversion
options offer both opportunities for potential synergies as well
as new challenges. For example, the ethanol production model
being developed commercially in the Midwest uses almost
exclusively corn stover and does not directly transfer to other
locations that have different mixtures of biomass resources. In
particular, the Northeast and Northwest regions of the USA
have much greater woody biomass resources, including resi-
dues from the pulp and paper industry as well as other forest
harvesting activities. These and other lignin-rich waste prod-
ucts are not well suited for fermentation but are amenable for
thermochemical conversion or combustion. As illustrated in
Fig. 1, as demand for biomass feedstocks increases, new re-
sources become available, which may dramatically change
conversion process parameters. For example, 15 million acres
of southern pine plantations could supply 100 million dry tons
of clean wood every year, and the costs of those supply sys-
tems are decreasing [8]. The mixture of clean pulpwood and
less pure forest residues will impact the target conversion pro-
cesses. Increasing the availability of information describing
the effects that physical and chemical properties of different
types and fractions of biomass feedstocks have on the perfor-
mance of a variety of conversion technologies will provide
many benefits. For instance, this information will open oppor-
tunities to select and tune conversion technologies to further
optimize yields while also achieving other environmental and
societal benefits, such as increased global sustainability and
economic prosperity [9–12].
Another important consideration is that logistics models
predict local supplies of biomass for a well-detailed model
predicting product output from biomass input. An understand-
ing of how preprocessing operations and natural variability
effect physical and chemical properties and how those altered
properties improve conversion to energy and fuels is key to
developing optimized and sustainable production of renew-
able fuels, chemicals, and other bio-based products. Tables 1
and 2 summarize key effects of biomass physical and chemi-
cal properties, respectively, on the four conversion processes
presented in Fig. 2.
Physical and chemical properties have direct impact on
conversion performance and also indirect impact through their
effects on other properties and processes. For example, mois-
ture content not only directly impacts conversion performance
but also impacts dry grinding performance and final particle
size distributions which indirectly affect conversion process
Fig. 1 Biomass supply projections for feedstock prices between $20 and
$200/dry ton in 2022. Adapted from [7]
Fig. 2 General process for the
production of fuels and chemicals
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efficiency. In straws and stover, decreasing moisture content
from 12 to 7 % can decrease grinding energy by approximate-
ly 5 kWh/t for particle sizes 1.6 mm and smaller [44]. De-
creasing moisture content by a factor of two can reduce grind-
ing energy by a factor of four for particle sizes between 3 and
6 mm for canola [45]. The harvest season can significantly
impact moisture content of biomass resources. Moisture con-
tent generally decreases for late fall harvests, reducing re-
quired drying energy for pyrolysis or combustion processes
but having little effect on hydrothermal liquefaction or
fermentation processes [27, 41]. Infield drying for 90 days
decreases moisture content of pine trees, even in humid
southern US climates, where reductions to 30 and 40 % mois-
ture content have been reported for summer and winter con-
ditions, respectively [8]. In addition to moisture content and
particle morphology, variation in ash content, volatiles, and
structural carbohydrate to lignin ratios effect a wide range of
parameters from specific grinding energy and flowability to
product distributions from pyrolysis and fermentation
(Tables 1 and 2) [13].
Table 1 Impacts of biomass physical properties on four primary conversion pathways
Property Conversion process Impacts
Moisture content/
hygro-scopicity
General comments Likely, the single most problematic biomass property affecting feedstock supply and biorefining
operations [13]. Moisture often increases transportation costs, and moisture above 10 % reduces
calorific value in thermochemical conversion process [14]. Moisture above 20 % is generally
recognized to cause dry matter loss in aerobic storage [15]; while moisture in the 20–40 % range
causes increased cohesion for poor feeding and handling properties. Moisture also increases dry
grinding energy requirements and affects final particle size distributions with dry feeds having
more fine particles.
Fermentation Heating rate during steam pretreatment increases with decreasing moisture content and chip size in
the fiber direction (3.2 mm) [16].
HTL Generally slurries with <20 % solids loading are required. Higher initial moisture content reduces
hydration time [17].
Intermediate oils from HTL have lower moisture content and are less hydrophilic than
intermediates from fast pyrolysis [18].
Pyrolysis Biomass should be dried to less than 10 % water content as additional water in the bio-oil affects
stability, viscosity, pH, and other properties [19] including reduced heating rate and moisture in
product [20].
Direct combustion Moisture present in biomass causes low thermal efficiency due to evaporation [21, 22].
Particle morphology/
grindability
General comments Practically, all conversion methods require size reduction. Increasing particle size above ≈3 mm is
generally associated with poor feeding and handling properties. Sizes below ≈1 mm with high
moisture content are prone to caking. Thermochemical processes become increasingly sensitive
to particle size as reaction rates increase and residence times decrease. Biochemical conversion
processes are generally more tolerant of larger particles, with size and shape requirements set
primarily by the engineered systems [23, 24].
Fermentation Sizes of 1–3 mm are needed for dilute acid pretreatments but chips can be used for processes like
steam explosion [25]. Reducing particle size from 600 to 60 μm for sweet sorghum can increase
ethanol yields by a factor of two for solid substrate fermentation (SSF) [26].
HTL Particle size has a direct correlation to pumpability and pressure control [27, 28].
Particle size has a minimal effect on heat transfer in liquid water but smaller particles will show a
slight decrease in solid residue (14–7 %) for mixtures of perennial grasses at 374 °C and
22.1 MPa [29].
Pyrolysis Char yield increases for many biomass types as size increases larger than 0.5 mm due to reduced
heating rates [30].
Direct combustion Size must be sufficiently small that complete combustion occurs; however, excessive fines results
in more than optimum particle volatility. The optimum size varies for different biomass types
and is approximately 6 mm for straw, 4 mm for miscanthus, and 2–4 mm for wood [31].
Bulk density General comments Low bulk density increases transportation and handling costs as well as aggravates performance in
gravity-based feeding and handling systems.
Compressibility/
elasticity
General comments Causes increased feeding and handling difficulty because elastic recovery in feed systems affects
compressive stresses and material shear strengths at constricted flow points, such as hopper
openings.
Microstructure General comments Open microstructure results in increased access and surface area for biochemical conversion.
Rough microstructure results in high inter-particle friction forces with corresponding high shear
strengths and poor feeding behavior. Microstructure also affects adhesion to container walls,
reducing cleanout, and live storage volume as well as potentially resulting in spoilage.
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Biomass Composition
Understanding biomass chemical composition and how each
component behaves in the selected conversion processes is
fundamental to addressing the issues of variability. The chem-
ical properties of lignocellulosic materials, commonly referred
to as biomass, are primarily controlled by five key compo-
nents: cellulose, hemicellulose, lignin, extractives/volatiles,
and ash. Cellulose is a crystalline polysaccharide composed
of glucose monomers held together by β(1→4) linkages that
are resistant to hydrolysis. Hemicellulose is an amorphous
heteropolymer comprised of various carbohydrate monomers,
including but not limited to xylose, mannose, and glucose.
Because of its chemical structure, hemicellulose is much more
susceptible to hydrolysis than cellulose. Lignin, the third ma-
jor chemical component of biomass, is a complex array of
aromatic alcohols that are heavily intertwined within the bio-
mass structure and help provide rigidity to the plant as a whole.
Lignin can be beneficial for thermochemical conversion pro-
cesses increasing oil yield and molecular weight [36]. How-
ever, for fermentative processes, it has a detrimental effect in
that phenolic lignin degradation products can inhibit ethanol
production [38]. Extractives are made up of water-soluble
components, such as non-structural sugars and proteins, and
ethanol soluble components, such as chlorophyll and waxes.
Volatiles from hemicellulose reduce fermentation efficiency in
biochemical processes [39] and can increase the acidic nature
of oil produced from thermochemical processes, which is as-
sociated with increase of viscosity during bio-oil storage [20].
Inorganic material, often referred to as ash, can be intrinsic to
the biomass structure, such as calcium and potassium ions, or
primarily anthropogenic, such as silica acquired during har-
vest. Ash content and composition can have detrimental ef-
fects on thermochemical processes by lowering oil yields and
fouling reactors [21] while only slightly reducing the effective-
ness of dilute acid pretreatment for fermentation [34].
Table 2 Impacts of biomass chemical properties on four major conversion pathways
Property Conversion process Impacts
Ash content General comments Ash content has been shown to negatively affect most conversion processes. There have been many efforts
to reduce ash in biomass. Hydrothermal pretreatment with sodium citrate at a level of 0.25 g/g biomass
can reduce structural ash content by 77 % [32]. Air classification can selectively remove large portions of
ash (41 %) while only removing a relatively small quantity of organic biomass (6.7 %) [33].
Fermentation Ash content in soil can reduce the effectiveness of dilute acid pretreatment and lower digestible sugars yield
[34].
HTL High ash content can increase the amount of solid residue formed [35].
Pyrolysis Lower ash can increase oil yields by 1–5 % for each 1 % of ash removed from native biomass [20, 36].
Can cause reactor fouling, the change in ash content from wood (∼1 % ash) to straw (5–10 % ash) can
change the deposition rate from 10 to 0.1 g deposit/kg fuel [14].
Direct combustion Causes heat exchanger fouling and reduces the heating value of the fuel by 0.16 MJ/kg for each 1 %
reduction in ash for rice straw [37].
Volatiles General comments Generally removing volatiles content decreases acidity and improves energy density.
Fermentation Volatiles derived from hemicellulose such as acetic acid and furan can inhibit fermentation [38] while
compounds like acetic acid and phenolics can reduce fermentation efficiency by 40 % [39].
HTL About 50 % of the oxygen rich volatiles can be reduced, leading to greater energy density of the solid char
product from pine sawdust hydrothermal preprocessing [40].
Pyrolysis Increased volatiles increases fuel acidity and affect upgradeability and stability [20].
Direct ombustion Increased volatile content will cause biomass to burn faster since about 75 % of the volatiles are released
and burned in the early stages of pyrolysis [21].
Lignin General comments Lignin can benefit thermochemical conversion processes by increasing oil yields and improving energy
density but is a waste product for biochemical fermentative processes.
Fermentation Lignin degradation products from biomass pretreatment can inhibit ethanol production [38].
Lignin can block enzyme access to the cellulose and reduce ethanol yields [41].
HTL Differences in lignin content can affect the phenolic components in the resulting oil product. It was shown
that the phenolic composition increased in the oil of lignin rich cypress (34.4 % lignin) as compared to
cherry (12.5 % lignin) [42].
Pyrolysis Increasing lignin can improve oil yields and increase the average molecular weight of the bio-oil by about
100 Daltons (Da) as lignin content increases from 5 to 15 % [36].
Direct combustion Lignin has a greater heating value than the cellulosic fraction of biomass at 25 kJ/g as compared to 18.6 kJ/g
[21, 22].
Much of the char is formed by lignin. The remaining lignin char can amount to 55 wt% of the original mass
as opposed to 20 and 8 % for hemicellulose and cellulose, respectively [43].
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Variations in the distributions of these five components can
be substantial across types of biomass, including woody, her-
baceous, and algal. Additionally, there is a significant varia-
tion among specimens of the same biomass type and between
various tissue fractions of the same specimen (i.e., tree leaves
have different structural components than the wood). This
review compiles information on broad chemical compositions
of different biomass types and tissue fractions while referring
readers to additional sources for detailed biomass chemical
compositions. More detailed compositions can be found for
principal biomass components [46], chemical composition of
the ash [47], and bulk constituents like cellulose, hemicellu-
lose, lignin, and extractives [48].
In general, herbaceous feedstocks, in addition to having
higher ash content, exhibit more variability in their composition
than woody biomass [49]. However, not all characterization
methods report identical biomass composition values, resulting
in apparent biomass variability that is dependent upon the dif-
ferent methods used to measure the desired properties.
Defining the Extent of Biomass Variability
Biomass variability is a result of many different factors includ-
ing component analysis methods, feedstock types, environ-
mental factors, harvesting practices, storage conditions, and
preprocessing techniques. Some of these factors can be con-
trolled through standardization practices while other factors
can be difficult to control. The influence of environmental
conditions on biomass composition is particularly difficult to
control because they are subject to variations in weather, in-
cluding total supply and timing of water, daily and seasonal
temperature swings, and variations in local soil conditions
(e.g., clay, sand, rock, nutrient content, and pH) [50]. In addi-
tion, different conversion technologies place varying levels of
emphasis on diverse quality metrics, which further complicat-
ing inherent biomass variability [13]. As densification tech-
nologies continue to improve and as national and global
biofuels industries emerge, biomass resources will be shipped
greater distances, potentially increasing the variability of bio-
mass received at biorefineries as well as offering new oppor-
tunities to reduce variability through wider supply and blend-
ing. However, issues of low bulk mass and energy densities
must be addressed to keep transportation costs economical
[51, 52]. It is important to understand all potential sources of
variability in order to expand the current feedstock supply and
to mitigate factors that will cause fluctuations in product
quality.
Variability within Biomass Analysis
The quantitative characterization of biomass has a long and
complicated evolution that includes many analytical
techniques. Different methods that measure the same param-
eter, as well as variations in process execution, lead to vari-
ability in reported analytical values. For example, measure-
ments of biomass fuel properties for thermochemical conver-
sion are currently based on ASTM methods for ultimate and
proximate analysis of coal and coke [53, 54]; however,
through the use of these methods, the variation within biomass
is typically greater than that of coal [46]. For biochemical
conversion processes, methods from the Technical Associa-
tion of the Pulp and Paper Industry (TAPPI) for analysis of
carbohydrates and lignin from pulps and pulp wood (T-222,
T-249) have been used and adapted. The National Renewable
Energy Lab (NREL) has adapted these methods and continues
to develop and provide laboratory analytical procedures
(LAPs) that are specific to biofuels [55, 56]. NREL’s adapta-
tions of these methods has included the analysis of structural
components in biomass that focus on using high-performance
liquid chromatography (HPLC) and UV-vis spectroscopy to
obtain information on cellulose, hemicellulose, and lignin
content [57]. However, even small changes to the analytical
methods can have a strong effect on the uncertainties of em-
pirical methods [58]. The full details of these methods are
beyond the scope of this review, but a collection of ASTM
and other standard methods for various types of biomass anal-
ysis can be found in the Supporting Information (Tables S1,
S2 and S3).
An additional source of analytical variability is the de-
velopment of predictive models from spectroscopic data to
analyze biomass physical and chemical properties. Histor-
ically, assessing the variability in biomass composition has
been impeded by the large time required for the analyses.
For example, obtaining structural carbohydrate informa-
tion for a large number of samples can take weeks. High-
throughput methods utilizing near-infrared spectroscopy
(NIR) combined with chemometrics have been developed
to characterize large numbers of samples for major biomass
components, such as glucan, xylan, solubles, and lignin
[55, 56]. Even more promising, these models can be con-
tinuously updated and expanded to increase predictive util-
ity as more biomass samples are added. Recently, Paulsen
et al. have obtained in situ biomass structural information
using spatiotemporally resolved diffuse reflectance spec-
troscopy in a reactive fast pyrolysis system for woody
feedstocks [59]. This new technique could allow for the
monitoring of lumped carbohydrate content during pyrol-
ysis. In the future, these new rapid screening analysis tech-
niques, such as NIR spectroscopy, will likely help to min-
imize the effects of variability by providing detailed in-line
chemical characterization if models are based on standard
chemical measurement techniques, such as NREL’s LAPs.
This rapid in-line analysis offers additional opportunities
to control feed stream composition by blending biomass
real-time during feedstock preprocessing.
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Chemical Composition Variability between Different
Types of Biomass
Kenney et al. have thoroughly reviewed many of the sources
of variability within biomass [13]. In order to compile agro-
nomic and chemical data on biomass feedstocks from across
the nation, the US DOE maintains a publically available data-
base at Idaho National Laboratory (INL) that contains charac-
terization information and statistical tools to assess the vari-
ability of important bioenergy feedstocks [60, 61]. In order to
utilize multiple feedstocks for a specific conversion process,
variation in chemical properties between different feedstocks
must be considered. Table 3, which utilizes information from
the INL database and a compilation of chemical data from
previous reviews, shows multiple structural analyses on a va-
riety of biomass samples. Pine (a softwood) has the highest
lignin content, followed by hybrid poplar (a hardwood), while
herbaceous materials have the least lignin. Because lignin has
high energy content, the heating values of the materials fol-
lows the same order as the lignin. Compositional data like this
is crucial to gaining an understanding of feedstock properties
prior to selecting a processing or conversion technology. For
instance, using the knowledge that softwoods have higher
lignin content could make them more suited for combustion
in energy applications.
Individual feedstocks vary significantly in their composi-
tion (Table 3). This problem becomes magnified when con-
sidering other, more diverse, bioenergy feedstocks. A prime
example of this is mixed natural rangeland grasses, which may
be used for fermentation processes. These grasses preserve
natural habitat and typically require less maintenance than
traditional energy crops; however, their naturally high vari-
ability can lead to reduced and highly variable product yields.
Species variety in herbaceous crops grown on conservation
grassland has a detrimental effect on the ethanol yield per unit
area as plant species diversity increases. Ethanol yields per
unit land increased drastically with increased targeted cover-
age of C4 prairie grass energy crops, like switchgrass, which
sequester more carbon than typical C3 conservation grassland
varieties [63].
While different types of biomass can exhibit distinct com-
position differences, certain aspects of the biomass composi-
tion can be mitigated or enhanced by mechanical or chemical
manipulation, such as anatomical fractionation. The chemical
differences that can occur between anatomical fractions for
woody biomass and corn stover are illustrated in Table 4.
Table 3 Representative
structural composition of various
feedstocks
Parameter Pinea Hybrid Poplarb Switchgrass Corn stover
Proximate analysis (wt%) n=27 n=19 n=102 n=171
Ash 0.6 (0.3) 1.2 (0.1) 6.8 (4.0) 7.6 (4.1)
Volatile matter 76.4 (6.9) 84.0 (0.6) 74.9 (6.3) 75.4 (4.8)
Fixed carbon 17.9 (3.5) 14.8 (0.6) 14.4 (2.2) 14.8 (1.6)
Ultimate analysis (wt%) n=26 n=19 n=102 n=170
Carbon 49.4 (1.7) 50.0 (0.2) 45.5 (3.8) 44.4 (3.6)
Hydrogen 6.4 (0.2) 5.9 (0.1) 5.9 (0.3) 5.9 (0.4)
Oxygen (by diff.) 43.5 (1.6) 42.5 (0.3) 41.6 (2.4) 42.8 (3.6)
Nitrogen 0.2 (0.1) 0.3 (0.1) 0.8 (0.7) 0.6 (0.2)
Sulfur 0.0 (0.0) 0.0 (0.0) 0.1 (0.0) 0.1 (0.0)
Chlorine (PPM) 42 (36)c 19d 1400d 8500 (6200)e
Higher heating value (MJ/kg, dry basis) 19.6 (0.7) 20.2 (0.3) 17.0 (1.0) 17.3 (0.7)
Average structural components (dry basis) n=9 n=5 n=30 n=23
Cellulose 30.9 (5.5) 45.7 (3.1) 34.4 (5.0) 34.6 (3.1)
Hemicellulose 19.3 (1.5) 19.1 (2.1) 25.7 (4.9) 24.6 (4.1)
Lignin 29.0 (2.1) 24.9 (2.6) 16.1 (2.3) 13.9 (1.7)
Extractives 7.8 (2.4) 5.5 (4.0) 12.3 (3.5) 14.3 (5.4)
Each parameter category has the number of samples included in the average (n). Numbers in parenthesis indicate
one standard deviation. Source: INL library [60], Vassilev 2012 [48], Towler 2004 [62], Jenkins 1998 [21],
Kirubakaran 2009 [43], Lynd 1999 [25]
a Some sources included other softwood values (other than pine) in averages
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Woody biomass contains most of the cellulose in the heart-
wood (represented by Whole Tree), while the bark contains a
greater percent lignin, and the leaves contain a higher concen-
tration of extractives. Corn stover, on the other hand, has the
majority of the extractives in the leaves and internodes (the
links between different stalk segments). Differences in com-
position with anatomical fractions can also be seen in other
biomass types. For example, different fractions within wheat
stover can exhibit an almost 10 % difference in glucan content
with some fractions being much more susceptible to chemical
saccharification [64]. Increased susceptibility to saccharifica-
tion for different plant fragments can also be seen in corn
stover in which the cobs, husks, and leaves exhibit better
response than the stocks to simultaneous saccharification
and fermentation (SSF) despite having similar glucan levels
[65]. Careful selection of the anatomical fraction processed
could allow for greater control over ash and compositional
content in a conversion facility feed stream. Additionally, feed
stream or anatomical fractionation can improve the economics
of a process by separating high value components. This is
exemplified by the use of distiller dried grains and solubles
(DDGS) in ethanol production for high protein animal feed as
opposed to turning the DDGS into fuels or chemicals [66, 67].
Variability Due to Local Agronomic Conditions
Geographic location affects feedstock characteristics through
variations in local agronomic conditions. Templeton et al. [56]
investigated corn stover composition over much of the US
Midwest. Harvest year and geographic location has a greater
impact on the structural content of corn stover than does the
genetic variety [56, 68]. The variations in biomass composi-
tion, especially for genetically similar biomass, can often be
correlated to differences in water and temperature conditions
[69]. A particularly problematic source of variability is
drought, because it cannot be easily controlled or mitigated
[50, 70, 71]. Drought can increase the water-soluble carbohy-
drate content of plants while the overall mass yield decreases
[70–73]. Drought drastically decreases the theoretical ethanol
yield (TEY) of mixed perennial grasses and Miscanthus×
giganteus in a fermentative process by increasing extractives
and decreasing structural sugars, in addition to reducing the
quantity of biomass produced per unit land [50]. Overall,
drought reduced TEY by 26–59 % per hectare for mixed pe-
rennial grasses and Miscanthus×giganteus through a combi-
nation of overall dry matter loss and a reduced fraction of
structural carbohydrates [50].
Variability Due to Harvest Conditions
Harvest conditions, including equipment type, process, sea-
son, and weather, are another substantial source of biomass
variability. Ash, structural carbohydrates, and moisture are
due to such harvesting conditions [13]. Delaying harvest for
corn stover results in drying and decreased structural carbo-
hydrates without significantly lowering the overall energy
content [74], which would benefit thermochemical conversion
processes, such as co-firing and pyrolysis, because of the low-
er moisture content. Ideally, harvest time is optimized to max-
imize sequestered carbon content while reducing ash content
[69]. Table 5 summarizes variation in ash content of switch-
grass collected with commercial harvesting equipment for dif-
ferent harvest years, seasons, and locations. Harvests within
2007–2010 collected inMinnesota exhibited the highest mean
ash content (9.31 %), while the spring harvests from 2001–
2005 collected in Pennsylvania exhibited the lowest mean ash
content (2.26 %). Over the same time periods, the mean ash
contents of the spring harvests were approximately 1 % lower
than that of the fall harvests due to winter senescence. Adler
et al. [75] investigated the benefit of delaying harvest to
Table 4 Woody biomass and
corn stover compositional
variation by anatomical fraction
Structural component Cellulose Hemicellulose Lignin Extractives
Woody biomass (wt%—daf)a
Whole tree 51.2 23.4 25.4 3.0
Bark 22.0 47.0 31.0 3.3
Twigs 15.4 62.3 22.3 1.6
Leaves 26.5 47.2 26.3 3.7
Corn (wt%—db)b
Corn cobs 35.92 30.7 16.44 5.89
Corn leaves 34.33 22.77 13.99 10.54
Corn husk 37.73 31.18 10.52 5.80
Corn internodes 40.21 20.03 17.24 12.29
daf dry ash free, db dry basis
a [48] Vassilev et al.
b [60] INL Library
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reduce ash content against biomass senescence and concluded
that the economics of a delayed harvest would depend on the
intended conversion process. If the biomass is going to a com-
bustion process, the reduced ash may be worth the loss in
carbon as the biomass degrades but the same may not be true
for a fermentative process. Even when harvests of multiple
cultivars and locations are considered, year-to-year variations
can be still be significant as indicated by a 2 % decrease in
mean ash content between samples harvested in 2000 com-
pared to 1999 [68].
Delaying the harvest time of Miscanthus, a potential her-
baceous bioenergy crop, from late fall to early spring drasti-
cally decreases ash content by about 30 % while decreasing
biomass yields by about 13 % [76]. As Miscanthus crops
experience partial decomposition during winter, there is a loss
of organic carbon but also a reduction in the SO2 output as N,
Cl, and S are reduced by delaying harvest [77]. Cool season
grasses, typical of northern climates, senesce earlier than
warm season grasses like switchgrass and Miscanthus. This
early senescence facilitates earlier harvests, but cool season
grasses vary more widely in composition and tend to have
greater ash content [78]. In a recent study on the potential
for mixed rangeland grasses as fermentation feedstocks [79],
biomass yield was the primary determinant on theoretical eth-
anol yield while both harvest season and geographic location
affected overall biomass yield.
Harvesting operation and equipment are important sources
of variation of feedstock properties. Hand harvesting willow
woodchips leads to lower ash content than commercial harvest
operations [69]. Variation in hand-collected ash and moisture
data was small relative to reported data for large-scale harvests
of herbaceous crops and agriculture residues which were pri-
marily affected by geographic location and cultivar. Com-
bined hand and commercial harvesting should be performed
to assess the quantity of entrained soil collected by commer-
cial harvest systems [69]. Differences in total ash content for
corn stover harvested in Kansas due to differences in harvest-
ing equipment were between 11.5 and 28.2 % [80].
Impact of Physical and Compositional Variability
on Biochemical and Thermochemical Conversions
As outlined above, many factors contribute to biomass com-
positional variability, and this variation can have a significant
impact on the conversion of biomass to value-added products.
Ideally, these problems could be mitigated through selection
of pretreatments, conversion processes, or by blending differ-
ent types of biomass to diminish detrimental effects, e.g., re-
duce the effective ash content of herbaceous materials by
blending them with woody biomass. The following section
covers the basic principles behind the four major conversion
processes: fermentation, hydrothermal liquefaction, pyrolysis,
and direct combustion with respect to how biomass variability
affects each conversion process.
Ethanol Production Through Fermentation
The production of ethanol from lignocellulosic biomass oc-
curs through two major steps: deconstruction of the cellulose
and hemicellulose to fermentable sugars and fermentation of
these sugars to ethanol. This conversion process has been
evaluated in many informative reviews [3, 41, 81–85] which
vary from focusing on pretreatment and enzymatic hydrolysis
of lignocellulosic materials [41], to optimization of cellulase
enzyme, microorganisms, fermentation processes for improv-
ing sugar conversion to ethanol [82], and evaluation of eco-
nomic aspects and future outlook for fuel ethanol production
[85, 86].
Physical and chemical characteristics of biomass can affect
ethanol yield and process economics. The production of eth-
anol through microbial fermentation is typically much more
dependent on biomass carbohydrate content and less suscep-
tible to ash content. Therefore, fermentation is particularly
well suited to herbaceous crops that typically have higher
ash contents [87]. However, alkali metal content in soil col-
lected while harvesting biomass can adversely affect the typ-
ical acid pretreatment and enzymatic hydrolysis, which re-
leases the fermentable sugars. Soil content of the harvested
biomass can directly increase the acid neutralization capacity,
and therefore lower the xylan digestibility, of corn stover upon
dilute acid pretreatment [34]. Adjusting total carbohydrate
content by 1 % of total dry matter can change the minimum
ethanol selling price (MESP) by $0.018/gal [86].
One aspect of biomass variation that could be utilized in
ethanol production is the difference between anatomical frac-
tions for a plant like corn stover. Differences in structural
carbohydrates with anatomical fraction in corn stover have a
significant effect on glucose yield. Glucose concentration after
hydrolysis was three times greater in the cobs, leaves, and
husks than the stalks [88]. Therefore, anatomical fraction
and selective fermentation of the most valuable components
Table 5 Ash content variation in switchgrass by harvest season and
year
Biomass type Mean total ash
Fall (2007–2010) [62] 9.31
Spring (2007–2010) [62] 8.67
Fall (2001–2005) [75] 3.46




Source: [62] INL Library, [75] Adler et al., [68] Lemus et al. (three
cultivars at two locations)
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could increase process efficiency if a good alternative can be
found for the stalks.
Hydrothermal Liquefaction
Hydrothermal treatments involve the reaction of biomass in an
aqueous media for the production of either liquids or, in some
cases, gases. These reactions are performed over a wide range
of temperatures (200–600 °C) and are done at high pressures
(5–40 MPa) to keep the water in the liquid or supercritical
phase. Reactions from 200–350 °C are typical for liquid prod-
ucts while temperatures above 400 °C are suitable for gaseous
products. Sub and supercritical water technologies span a
wide range of temperatures, feedstocks (model compounds
as well as biomass), and final products including both liquid
bio-oils and gases [18]. Hydrothermal treatments can target
liquid products from a variety of feedstocks [17, 35], includ-
ing products normally thought of as waste, such as lignin [89].
Liquid reaction media is well suited for utilizing biphasic
systems to improve process separations. Luterbacher et al.
achieved sugar yields of 65 % from woody biomass and
55 % from switchgrass using a biphasic water/CO2 system
with ∼1 cm particles and 40 wt% solids [90]. The targeted
production of sugars from biomass instead of oils could facil-
itate the production of high-value chemicals, like renewable
plastics, instead of fuels [91]. Production of bio-oils, instead of
sugars, through HTL typically gives lower yields than pyrol-
ysis. However, HTL bio-oils tend to have higher quality and
save energy because the feedstocks do not require drying prior
to conversion [35]. In addition, HTL bio-oils typically have a
lower oxygen content than fast pyrolysis oils, which gives
them their higher quality, while still having a greater oxygen
content than crude oil [18].
As a pretreatment process, mild hydrothermal treatment
reduces ash content when used in combination with a sodium
citrate chelating agent [32]. This could have potential benefits
when processing biomass for further conversion processes
that require low ash content. However, the additional energy
required to remove water from the chelating process reduces
the economic viability of this process for pyrolysis or gasifi-
cation conversion. Utilizing hydrothermal liquefaction as a
conversion process provides at least two advantages: the aque-
ous reaction media allows for a wide variety of feedstocks,
regardless of initial moisture content (even marine biomass
with up to 90 % water) and reactions are fairly independent
of particle size given the high heat transfer rates in hydrother-
mal media [17]. These facts make HTL well suited for a di-
verse array of feedstocks.
Pyrolysis
Pyrolysis is a thermochemical treatment that increases bio-
mass energy density by removing oxygen through water and
volatiles while producing oils that can be upgraded to fuel.
Pyrolysis is typically performed at temperatures of 400–
600 °C [92] and often includes a catalyst [93]. Biomass py-
rolysis processes have been extensively reviewed [19, 20,
93–98].
Pyrolysis processes are particularly well suited for low
moisture content woody materials with minimal ash and
higher lignin content. For example, lignin content in woody
biomass can increase the average molecular weight of pyrol-
ysis oil by 100 Da as the lignin content increases from 5 to
15 % [36]. Raw herbaceous materials are less favorable for
pyrolysis conversion because they have lower lignin content
compared to wood and much higher ash content. Pyrolysis oil
yield decreases by 1–5% for every 1% increase in ash [36]. In
addition to decreasing oil yields, alkali metals and other inor-
ganics, which are common in fertilizers used on herbaceous
crops, can have damaging effects on reactors and reduce cat-
alyst lifetimes [99]. However, the effect of ash on overall
pyrolysis and upgrading performance is not fully clear. The
effects of ash content ranging from 0.7 to 1.6 % on several
feedstocks including pines, poplars, switchgrass, and corn sto-
ver in an integrated fast pyrolysis and oil hydrotreating
upgrading process was found to be statistically insignificant
[100].
Combustion and Co-Firing
Fire is ingrained in human civilization and has been used for
everything frommanaging agricultural lands to the production
of energy for tens of thousands of years and is still highly used
in developing countries [101]. In modern developed countries,
non-renewable fossil fuels such as oil, coal, and natural gas are
the prime energy sources; however, these sources could be
depleted within the next 40–50 years [102]. To reduce the
depletion of non-renewable sources and reduce environmental
impact, there is movement towards the combustion of renew-
able biomass and other waste products (like paper and plas-
tics). Demirbas has produced several reviews on the combus-
tion of biomass as a renewable energy source [22, 30, 102,
103]. Additionally, Tumuluru et al. has extensively reviewed
torrefaction for transforming raw biomass into a feedstock that
is suitable for co-firing applications [14, 104, 105].
The largest problem associated with the combustion of bio-
mass (as well as waste products) is that biomass has a very low
heating value compared to non-renewable fossil fuels, and the
increased inorganic species in the biomass can cause boiler
fouling and reduce combustion efficiencies [21, 106]. How-
ever, while biomass can increase reactor fouling, it also re-
duces harmful emissions compared to coal [107]. An addition-
al benefit is that energy produced through biomass combus-
tion can be incorporated directly into the current energy grid
without requiring infrastructure changes.
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Minimizing the Impact of Biomass Variability
on Conversion Processes
This article has discussed inherent and introduced biomass
variability as well as the downstream effects on the current
conversion processes. Due to the loss in efficiency and profit
associated with biomass variability, it is important to develop
methods that could serve to mitigate these harmful effects and
increase conversion efficiency. These methods will likely in-
volve chemical, physical, or thermal pretreatments combined
with the development of a uniform format supply system.
Chemical, Physical, and Thermal Pretreatments Methods
Chemical pretreatments address the issue of biomass variabil-
ity by providing a potential route for the fractionation of bio-
mass into process streams of constituent components, like
cellulosic material and lignin, as well as a way to remove
ash. Specific chemical pretreatments include steam, liquid wa-
ter, acids, bases, ionic liquids [108], organosolv [109], sulfite
pretreatment (SPORL) [110, 111], and ammonia fiber explo-
sion (AFEX) [112]. Chelating agents like sodium citrate ef-
fectively remove ash from corn stover under mild hydrother-
mal pretreatment [32]. These chemical pretreatments can be
strongly influenced by processing parameters. For instance,
particle size and anatomical composition alter the effective-
ness of AFEX for corn stover with the larger cobs and stalks
being more recalcitrant than the leaves and husk [113]. A
greater fundamental understanding of these various pretreat-
ment technologies will enhance their use for particular con-
version technologies.
Densification technologies, such as briquetting and pellet-
ization, assure uniformity of physical properties, while having
minimal impact on chemical composition [114, 115]. Densi-
fication also enables low-cost transportation, increases shelf-
life for outdoor storage, and improves feeding and handling
performance. Dry and wet thermal treatments, such as
torrefaction, mild hydrothermal carbonization, and steam ex-
plosion can also reduce hygroscopicity, increase grindability
and shelf-life, and reduce volatiles and extractives content,
including organic acids [20, 104, 105, 114, 116].
The Uniform-Format Supply System
Currently, there are several options to lessen the challenges
associated with variation of key biomass attributes, such as
constituent ash, structural carbohydrates, and moisture con-
tent. These options include selecting regionally adapted culti-
vars,[117] and tailoring harvest times/techniques for desired
outcomes. As mentioned above, the effects of biomass vari-
ability can also be actively addressed using chemical, thermal,
or biological preprocessing steps to transform raw biomass
into commodity feedstocks with uniform physical properties
[118]. A uniform-format supply system that enables different
types and fractions of biomass to be exchanged as commodi-
ties would facilitate formulating and blending to achieve qual-
ity specifications [116, 119]. Preprocessing steps that separate,
formulate, and format feedstocks could be performed at stra-
tegically distributed facilities (depots), and then densified
commodities can be shipped to central biorefineries or other
end-use locations. An additional advantage of this model,
which follows the current world-wide grain commodity sys-
tem, is that it reduces risks associated with feedstock supply,
including fluctuations due to seasonal changes, disease, and
natural disasters [118, 120, 121].
Future research should seek to balance efforts which devel-
op low-cost feedstock preprocessing systems that prepare raw
biomass for local conversion methods with more advanced
pretreatments that transform materials into commodities that
can be exchanged in global biofuels and bio-based products
markets. For instance, herbaceous materials (such as corn sto-
ver) have high ash content (>5 %) and more fermentable
sugars, so enzymatic hydrolysis and fermentation are natural
conversion pathways. In regions where these plants grow in
high densities, such as the Midwest and Southeast, minimal
preprocessing is adequate to prepare the biomass for conver-
sion. Similarly, short-rotation softwoods and hardwoods can
be grown in high densities in the Southeast and Northwest and
also show promise in the Midwest and Northeast. These feed-
stocks can be prepared for fast pyrolysis or hydrothermal liq-
uefaction with little preprocessing because they have inherent
low ash content (<0.5 %). In regions where diverse biomass
types are cultivated or where there is lower feedstock produc-
tion, more advanced preprocessing operations, especially den-
sification, are needed so that the biomass can be collected into
commodity markets. Placing greater focus on the production
of chemicals and other high-value products, such as vanillin
and other aromatic aldehydes from waste lignin, would also
serve to increase the cost competitiveness of bio-based indus-
tries, including biofuels. In many cases, the same processes
that enable high value co-products could also reduce feed-
stock variability by separating feed streams according to
chemical composition.
Conclusions
Innate and introduced variability between different biomass
resources impedes the utilization of biomass as a carbon neu-
tral and domestic source for fuels and chemicals. Characteris-
tics such as moisture content, carbohydrate, lignin, ash com-
positions, bulk density, and particle size/shape distributions
impact conversion processes like fermentation, hydrothermal
liquefaction, pyrolysis, and co-firing. Fermentation is well
suited to handle high ash herbaceous materials with greater
structural sugars content while processes like pyrolysis are
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well suited to utilize low ash and high lignin woody feed-
stocks. Optimizing biomass through selection of ideal culti-
vars, harvest time (spring vs. fall), and selective harvest
methods will help reduce biomass variability and the overall
load on the processing facilities. For instance, delaying bio-
mass harvest until springwill reduce ash andmoisture content,
resulting in improved yields and efficiencies in thermochem-
ical conversion processes and lessening slagging when co-
firing biomass and coal. Mechanical, thermal, and chemical
pretreatments, followed by densification, at local preprocess-
ing supply depots may also be used to take advantage of
biomass variability by separating out fractions that are natu-
rally well suited to produce high-value products while
transforming raw biomass feed streams into uniform-format
commodities.
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